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Introduction
Multiple chemical sensitivity (MCS) describes an intolerance or a hypersensitivity to chemicals or other agents in the environment. The condition can arise from an acute or chronic exposure to one chemical or agent; it is marked by heightened sensitivity to subsequent, very low levels of exposure and often expands to include other chemicals (hence multiple sensitivity).
The range of possible chemicals that give rise to MCS is vast, but common ones indude fuel and oil fumes and combustion products, perfumes or colognes, cleaning agents, building and decorating materials, and foodstuffs or additives.
Some MCS sufferers know which chemicals are responsible for their condition, but many do not-they simply feel ill and might or might not suspect the cause of their discomfort. Symptoms vary considerably among individuals, and often are difficult to define, which leads some authorities to doubt the authenticity of MCS. Several organ or tissue systems can be involved, usually the nervous, respiratory, gastrointestinal, and musculoskeletal systems. Symptoms typically include headache, fatigue, joint and muscle problems, irritation to the eyes, ears, nose, throat or skin, general malaise, difficulty concentrating, and poor memory. These symptoms vary in severity and can be disabling. Whether or not MCS is a recognized medical condition, there is no doubt that sufferers feel ill, often are aggrieved when their complaints are dismissed, and often feel unable to work.
Studies of MCS have mostly been concerned with elucidating the mechanisms by which the chemicals have their effects, identifying and treating MCS sufferers, or assessing the veracity of their claims. The first type of study commonly uses techniques such as neuropsychology, immunology, psychoneuroimmunology, neurophysiology, and nasal pathology and olfaction. The second and third types of study commonly involve removing the suspect chemical or chemicals from the patient or removing patients from the chemicals, usually by confining them in a specially built, chemically dean environment. In either case, it is important that the studies be properly designed and controlled and that the outcome measures of the effects of the procedure are sensitive, reliable, and valid. Bad study design and measurements are unlikely to find answers, and are just as unlikely to sway the opinion of those who doubt the authenticity ofMCS.
Cognitive and psychomotor performance tests, as distinct from neuropsychological tests, have been little used so far in evaluating MCS The tests listed below exist in a great many versions; the ones described are those in current use. CBD has found them to be valid, reliable, to have a good track record in assessing environmental stressors, and to be the best for assessing the effects on work performance of a variety of drugs including anticholinergics such as atropine (14, 15) and hyoscine (16, 17) , benzodiazepines such as diazepam (14) , anticholinesterases such as sarin (18) , pyridostigmine (19) and physostigmine (17, 20) , antiemetics such as ondansetron and granisetron (21) , and antibiotics such as doxycycline and ciprofloxacin (A Wetherell, unpublished data). The tests have also proven useful for studying other stressors such as fatigue, sleep deprivation, and protective clothing (22) .
CBD's tests are all in the public domain and come from a variety of sources such as the cognitive, clinical and experimental psychology literatures, the batteries developed by the U.S. armed services, the NATO AGARD STRES Battery (2, 3) , and some tests developed at CBD. Not all the tests are used all the time; they are selected according to the particular drug, or other stressor, and work situation at issue. All the tests can be administered repeatedly, to monitor the time-course of effect; different versions are produced by random or pseudorandom generation of stimuli.
Unless stated otherwise, all tests are presented and scored by computer and last 3 min; scores are the number of problems attempted, the number of correct answers given, and response times, or derivations of these. References refer to the originator(s) of the test or to examples of the first or early use of the test. Where no reference is given, the test has been in use for so long that its origin is not known.
Mathematical Processing
Numerical Processing (2, 3, 23) . A series of problems is presented, each problem consisting of three digits and two operators (+ or -), e.g., 6 + 4 -3. Subjects say whether the answer is greater or less than 5. Problems are designed so the answer never actually equals 5. Number Facility (24) . A series of problems is presented, each problem consisting of three one-or two-digit numbers arranged vertically with a box at the bottom. Subjects have to sum the numbers and insert the answer in the box.
Logical Reasoning
Original Version (25) . A series of sentences, each followed by a pair of letters, e.g., AB or BA, is presented. The sentence describes the order of the letters, e.g., A follows B, B is preceded by A, A is not followed by B, and subjects have to say whether the statement is true or false. For example, B does not follow A-AB is false.
AGARD STRES Version (2, 3) . A series of pairs of sentences, each followed by three symbols, #&*, is presented. The sentences describe the order of the symbols, e.g., & before #, & after *, #&*. If both sentences are true (or both false) with respect to the three symbols, subjects press a key signifying same, otherwise, they press a key signifying different. In the above example, both sentences are false. AGARD adopted this version because the simpler syntax is more language-fair, and the symbols have no inherent order. Two sentences with three symbols are used because using the simpler syntax of one sentence with two symbols would have been too easy.
Spatial Processing
Manikin (26, 27) . A front or back view of a human, rotated at any angle, and holding a flag in one hand is presented. Subjects have to specify which hand is holding the flag.
Histograms (2, 3, 23, 28, 29) . A four-bar histogram is presented for 3 sec, followed by a blank screen for 1 sec, followed by a second histogram rotated by 90 or 270.0
The subject must say whether the two histograms are the same or different.
Trcking
Pursuit Tracking. The subject, using a joystick, tries to keep a cursor on a moving target. The test lasts for 3 min, and the measurement is the root mean square error.
Unstable Tracking (2, 3, 23, 30) . The subject uses a joystick or a mouse to keep a horizontally moving cursor on a fixed target. The test is set up so the cursor accelerates away from the target, requiring subjects to increase their control movements with increasing distance. This is analogous to balancing a pool cue vertically on the end of a finger.
Reacdon Time
Simple Reaction Time. Subjects press a key as quickly as possible after a stimulus, usually a black square or disk on the screen, or a beep from the speakers. Reaction time is usually taken as the mean of several attempts, to minimize errors due, for example, to distraction.
Choiee Reaction Time. Subjects press one of several keys as quickly as possible after various stimuli. Reaction time is usually taken as the mean of several attempts, to minimize errors due, for example, to distraction.
Complex Reaction Time (2, 3, 23, 31 ).
This test is based on the stage processing model and is designed to identify the locus of a drug effect. A tautologous digit (2, 3, 4, or 5) is presented on the left or right of the computer screen and subjects press one of four keys as quickly as possible. The test has six parts, each lasting 3 min and each designed to cover a particular stage of information processing-encoding, motor programming, motor activation, response selection, and response execution. This is achieved by varying the stimulus quality (easy or difficult to recognize), response complexity (single or triple key presses), time uncertainty (regular vs unpredictable interstimulus intervals), and stimulus-response compatibility (response key on same side as or different side from the stimulus).
Attention/Vigilance
Attention is a driver for other functions, but in test terms it is usually thought of as the ability to detect fairly frequent targets in a matrix of rapidly presented, repetitive stimuli. In contrast, vigilance is the detection of uncertain or infrequent stimuli over a prolonged period. Many so-called attention/vigilance tests involve higher cognitive functions than simply detection, so the term is often used to include tests that are difficult to describe in any other way.
Letter Cancellation. Matrices of random letters are presented, and subjects cross out or mark certain letters.
Serial Response (32) . A row of five outlined squares is presented, corresponding to the keys 1 to 5 on the keyboard. Subjects "chase" a black square that appears at random in one of the outlined squares by pressing the appropriate key; each key press causes the black square to disappear and reappear.
Focused Attention (33) . Three warning crosses are presented, one in the middle of the screen, the other two either close to it or close to the edges of the screen. The middle cross is replaced by a target letter (A or B) and the other crosses by asterisks, the same letter as the target, or the other letter. Subjects respond to the target letter by pressing an appropriate key.
Search (33 (34) . The signal-to-noise ratio can be varied in terms of frequency of occurrence, intensity, and degree ofsimilarity.
Color-Word Naming (35) . Names of colors are presented, either in their own color or in different colors, e.g., the word green may be presented in green or in red, blue, yellow, etc. Subjects must name either the word or the color.
Self-generation Tests
These tests do not present stimuli but require subjects to self-generate responses. They are used mostly to measure perceptual-motor or cognitive load, and although they are sometimes used by themselves, they are often used as additional tasks in multitasking tests to measure reserve capacity or resource allocation.
Interval Production (36) . Subjects must generate intervals, typically by tapping a finger, a foot, or by saying something at regular intervals, typically once a second. The actual regularity is measured: regularity is inversely proportional to perceptual-motor load.
Random Generating (37 Digit Span (38) . A set of digits, usually four, is presented one digit at a time. Immediately afterwards, subjects must recall the digits. If they succeed, a five-digit set is presented, and so on until they fail to recall the digits; then another attempt at a different set of the same length is allowed. If they succeed, they go on; if they fail, the test is ended and the score is the longest set of digits remembered. The test is often repeated, with subjects having to recall the digits in reverse order.
Item Recall Lists of digits, letters, nonsense syllables, or real words are presented, and subjects must recall them. In one version (38) ten pairs of words are presented. In six of the pairs, the words are related to one another, e.g., eagle-bird; in the other four, the words are not related. Subjects are then presented with the first word of each pair and must recall the second.
Memory Search (39) (40) (41) (42) Repeated measures designs can be extended to cover more than two exposures, e.g., to measure sensitivity to more than one chemical. Balancing the orders of exposure is still important, and one way to do this is to cover all permutations of exposures; each subject follows one permutation. For example, if the effects of exposure to two chemicals and a sham as control are to be studied, there are three exposures in total: A, B, and C. There are six permutations of this: ABC, ACB, BCA, BAC, CAB, and CBA, and this means that at least six subjects must be tested to cover all permutations. This procedure can be replicated as many times as necessary to achieve a statistically viable number of subjects, with the total number of subjects being a multiple of six. The same random allocation procedures should be followed.
The same procedure can be followed for more than three exposures, but the number of permutations rises rapidly and quickly becomes unmanageable, e.g., there are 24 permutations of four exposures, which would require subjects in multiples of 24. Fortunately, there is a more elegant way of counterbalancing four exposures: a Latin Square. This is simply a way of selecting four of the permutations so that each exposure occurs once in each serial position. There are several Latin squares, but in psychopharmacology the squares are also chosen so that no given exposure precedes or follows another given exposure more than once. The square on the left, below, fulfils the first criterion but not the second; the square on the right fulfils both criteria. ABCD BCDA CDAB DABC ABCD BDAC CADB DCBA Each subject follows a row chosen at random and it takes four subjects to complete the design. As before, enough replications are carried out to ensure a statistically viable number of subjects. In psychopharmacology, enough time is usually allowed between treatments for the drug to be completely metabolized before the next treatment is given. In MCS, more time would have to be allowed if the effects are longer lasting.
Latin squares can be devised to cover more than four exposures, but the process again quickly becomes unmanageable because it often is difficult to devise squares that are completely counterbalanced, and analysis and interpretation become cumbersome.
The advantages of repeated measures designs are that they usually require fewer subjects than other designs and the statistical variance is reduced, since the subjects are their own controls and do not have to be matched. Reducing the variance means that any differences between exposures can be more easily seen. The disadvantage is that the design is inflexible; if any subject misses an exposure or data are lost on one occasion through error or equipment breakdown, all of that subject's results from all of his or her exposures must be discarded.
In addition, using repeated measures designs, problems of asymmetric transfer and stimulus range effects (44, 45) (44, 45) .
In the other main design, called a parallel groups or between-subjects design, subjects are divided into groups and each group receives one treatment. In psychopharmacology, the treatments would be drugs and placebos. In MCS, one group of patients could receive a real exposure to the chemical or agent to which they claimed to be sensitive and another group a sham exposure. This design can also be extended to cover any number of different chemicals simply by adding more groups. The groups do not have to contain the same numbers of subjects, although each group must contain at least the minimum for statistical analysis.
The advantage of parallel groups designs is that they are flexible; missing subjects or data are simply replaced and the studies can take less time. The disadvantages are that more subjects are required and there can be problems in selecting and matching appropriate control groups. If the groups are large, for example, more than 100 subjects, then allocation may be random. If the groups are small, as is more often the case, subjects must be matched. If they are not, differences between the groups could be confounded with differences between the treatments. Matching is more difficult than it seems, for the number of factors that could influence test performance is very large, and includes such things as physical and demographic factors, personality, intelligence, mood, background, knowledge, and experience. Some of these factors may appear obvious but have little effect on the results; some may appear unimportant, or may even be forgotten but might affect the results significantly. It is also possible that matching on one factor causes a mismatch on another.
In both types of design it is vital that neither the subjects nor the experimenters know which subjects have received which treatment. This is called a double-blind procedure and is intended to minimize the effects of bias, imagination, and prejudice. Subject allocation to treatment orders or groups should be carried out by a third party not involved in the experiment.
Other experiment designs are possible, but they are usually variations on, or hybrids of, the main two already described. Two variations are worth noting. The first is to use a parallel-groups design but test subjects before and after exposure. The results of these preexposure tests can be used to allocate subjects to exposure and control Environmental Health Perspectives * Vol 105, Supplement 2 * March 1997 groups to ensure that they are matched in terms of their performance on the tests. Some experimenters consider this to be the most important matching criterion. Alternatively, preexposure tests can be used retrospectively to determine the degree to which the groups have been matched and to adjust the postexposure results accordingly.
The other variation, called a balancedplacebo design, is designed to separate the actual effects of a chemical from the anticipated or imagined effects to account for the possibility that MCS might be a conditioned response. In this design, there are four conditions: a) subjects are told they will be exposed and are actually exposed; b) subjects are told they will be exposed and are not exposed (or exposed to a placebo); c) subjects are told they will not be exposed are not exposed; and d) subjects are told they will not be exposed and are exposed. These conditions are applicable to both repeatedmeasures and parallel-groups designs.
This design is similar to that followed in signal detection studies, and is used widely in applied psychology to separate ability to detect stimuli from bias in reporting it. Signal detection analysis is made in terms of hits (responding when a chemical is present), misses (not responding when a chemical is present), false alarms (responding when there is no chemical), and correct rejections (not responding when there is no chemical). This design might not work with all MCS phenomena, but it would work with some, e.g., caffeine. The mechanics of the design are feasible, but the ethics, particularly of the last condition, may prohibit its use.
In practice, the choice of design is often forced by circumstances rather than decided on theoretical grounds. For example, if the exposures needed in a repeated measures design take a long time and subjects cannot guarantee to devote that time, a repeated measures design may not be possible.
As many subjects as possible should be used in the tests to increase measurement precision and reduce variance. However, the law of diminishing returns applies, and as a general rule, it is not worthwhile to use more than about 30 The tests are also sensitive to circadian rhythms; thus, subjects should always be tested at the same time of day. Shift workers should be treated separately, since they will have made different adjustments to their body clocks, depending on the shift timings and how long they have been doing shift work. If circumstances cannot be controlled, they should be measured or at least noted, so they may be used as factors in analyzing the results.
Stopping subjects from smoking or from drinking tea, coffee, or alcohol may appear to give testers more control. This might be true in pharmacokinetic studies, in which the xanthines (e.g., caffeine, theobromine, and theophylline), nicotine, or alcohol could interfere with absorption of the drug or chemical at issue, but in psychological studies this may be a mistake. First, smokers and alcohol drinkers, and even habitual coffee drinkers, will not stop just because they are asked to do so. Second, even if they do stop, the change in behavior pattern and the withdrawal symptoms could affect performance more than if they had continued with the nicotine, caffeine, or alcohol. Generally, it is better to let subjects follow their normal patterns of behavior, but it is wise to ask them how much of a particular substance they normally take and how much they have taken in the last 24 hr. Remember, xanthines are also present in other foods such as cola beverages and chocolate.
Subjects learn with practice; the more they undergo tests, the more skilled they will become, even though the tests might involve well practiced skills. In psychopharmacology, placebos are used routinely as control treatments, since they have no effects alone. However, it is sometimes necessary to use a treatment that does have effects, e.g., to add weight to a finding that the test treatments have no effect. Often, findings of no effect are taken to mean that there is no effect. This is wrong, however; absence of evidence is not evidence of absence. A treatment used to produce a known effect is called a verum (plural vera, from the Latin for truth).
A combination of vera and placebos could offer a means of avoiding the problem of the taste In addition to cognitive and psychomotor performance tests, it may be necessary to include other measures to help interpret the results. The type of measure will vary with the type of study, but as a general rule, it would be useful to include histories of diet, smoking, and drinking xanthine-or alcohol-containing beverages. These measures could be taken in terms of behavior generally and behavior immediately before the study. Also, a large number of MCS sufferers show signs and symptoms of anxiety and depression, and it is not unreasonable to expect that many people would be anxious about an experimental exposure to an agent they suspect 
